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I. INTRODUCTION
For many nuclei, accurate gas-phase experimental nuclear spin-rotation constants have been used to determine absolute nuclear magnetic resonance (NMR) shielding constants. The common way to establish absolute shielding scales, based on the similarity between the equations for the nuclear spin-rotation and NMR shielding tensors, was first proposed by Ramsey 1 and further developed by Flygare. 2, 3 This approach establishes a non-relativistic relation between the electronic contribution to the nuclear spin-rotation constant C el K,iso and the paramagnetic contribution to the absolute shielding constant σ para K,iso .
2-4 Once σ para K,iso is obtained this way, it is added to the calculated diamagnetic contribution σ dia K,iso to provide an approximate value for the total isotropic absolute shielding constant of nucleus K. This can for a diatomic molecule be written as (NMR shielding constants are in ppm)
where m p and m e are the proton and electron masses, respectively; g K is the nuclear g factor; B r = /(4πI ⊥ ) is the molecular rotational constant in MHz; is the reduced Plank's constant; I ⊥ is the perpendicular component of the moment of a) Author to whom correspondence should be addressed. Electronic mail: taye. b.demissie@uit.no inertia; and C el K,iso is the electronic contribution to the isotropic spin-rotation constant in kHz.
Employing such an approach can give reasonable results for very light atoms (see, for instance, recent work [5] [6] [7] and references therein); however, it fails when used for heavy atoms due to the neglected relativistic effects. [8] [9] [10] [11] [12] [13] [14] Indeed, even for as light an element as oxygen, Eq. (1) gives an error in the absolute shielding constant of about 1-1.5 ppm. 15 For heavy elements, these effects can make an order of magnitude difference, as shown, for instance, in a study of monocarbonyls of nickel, palladium, and platinum.
14 Moreover, the relativistic effects often contribute significantly to the total absolute shielding and spin-rotation constants of light atoms in the vicinity of heavy atoms. 16, 17 For example, in hydrogen iodide, the relativistic correction to the spin-rotation constant of 1 H contributes by more than 100% to the total calculated value, 16 but in this case, the validity of Eq. (1) remains rather good because the relativistic effects are approximately the same for both the spin-rotation and NMR shielding tensors. These effects of relativity described above are in line with the observation that as the atoms become heavier, standard non-relativistic approaches based on the Schrödinger equation break down. 17, 18 Among the relativistic computational program packages used to calculate magnetic properties, the two-component spin-orbit zero-order-regular approximation (SO-ZORA) 19, 20 implemented in the Amsterdam Density Functional (ADF) package 21 and the four-component DiracCoulomb Hamiltonian implemented in the ReSpect 22 and the DIRAC 23 as well as the Beijing density functional (BDF) [24] [25] [26] program packages can be mentioned. Accurate experimental spin-rotation constants are useful for testing different computational methods. For instance, Teale et al. 5 benchmarked different ab initio and density functional theory (DFT) methods in the calculation of spin-rotation and absolute shielding constants of 28 molecules. Accurate calculated results obtained by including relativistic corrections are important in their own rights for future benchmarking of approximate theoretical methods. [12] [13] [14] In this study, we report the non-relativistically and relativistically calculated nuclear spin-rotation constants and absolute shielding constants of all nuclei in 175 LuX and 197 AuX (X = 19 F, 35 Cl, 79 Br, 127 I). The experimental studies of these lutetium and gold mono-halides have shown that all these molecules have a closed-shell singlet 1 Σ + ground state. [27] [28] [29] [30] [31] For all molecules except LuBr and LuI, experimental gasphase nuclear spin-rotation constants have been reported by Gerry and co-workers. [28] [29] [30] [31] We compare spin-rotation constants calculated using non-relativistic coupled-cluster and relativistic DFT approaches with each other as well as with the corresponding experimental values. Absolute shielding constants are also calculated using the same nonrelativistic approaches and compared with those obtained using two-component SO-ZORA and four-component DiracKohn-Sham (DKS) for the relativistic corrections.
Because all the molecules studied in this work are diatomics, we follow the standard convention for spin-rotation constants of linear molecules and report the nonzero component (not the trace) of the tensor. For the purpose of simplicity, we use parentheses in Sec. III instead of the subscript K notation used for the nucleus in Eq. (1). In addition, we present the results with the signs from our calculations (consistent with the sign convention used by Flygare 2 ) and put (+) or (−) for those signs of the experimental spin-rotation constants which we have changed, since different sign conventions are used in the literature.
II. COMPUTATIONAL DETAILS
The accurate non-relativistic coupled-cluster singlesand-doubles, CCSD, and CCSD with perturbative triples correction, CCSD(T), values of the magnetic properties were obtained using coupled-cluster analytic linear response methods, developed by Gauss and Stanton 32, 33 and implemented in the CFOUR program 34 (modified locally to include the g factors for the heavy nuclei). In the CCSD calculations, we used the uncontracted versions of the atomic natural orbital-relativistic correlation-consistent (ANO-RCC) basis sets, denoted as unc-ANO-RCC. [35] [36] [37] In the CCSD(T) calculations, it was practically impossible to use the larger unc-ANO-RCC basis set, due to the large number of electrons in the molecules studied. Hence, in the CCSD(T) calculations, we used the uncontracted versions of the all-electron scalar relativistic Douglas-Kroll-Hess (denoted as unc-Cologne DKH2) basis set for lutetium (Lu), 38 double-ζ polarized Douglas-Kroll-Hess (denoted as unc-DZP-DKH) basis set for gold (Au), 39 and uncontracted augmented double-ζ polarized (denoted as unc-ADZP) basis sets for the halogen atoms. [40] [41] [42] We note that there are very few small all-electron basis sets available for the lutetium and gold atoms; therefore, at the CCSD(T) level, the above described literature basis sets were chosen and uncontracted to ensure increased flexibility in the region close to the nucleus. All the coupled-cluster calculations were performed applying gauge-including atomic orbitals (GIAOs 43, 44 ). The four-component relativistic DKS and the corresponding non-relativistic DFT results were obtained using the BP86 45, 46 and B3LYP [47] [48] [49] [50] exchange-correlation functionals implemented in a development version of the program package ReSpect. 22 In the ReSpect calculations, restricted magnetic balance was used for the calculations of the NMR shielding constants 51, 52 and the restricted kinetic balance scheme in the case of the spin-rotation constant calculations. 16 Rotational London orbitals (RLOs) are often used in calculations of spin-rotation constants to improve basis set convergence. 53, 54 The RLOs depend explicitly on the angular momentum and are generalizations of the conventional London orbitals (often referred to as GIAOs) 43, 44, 53 introduced to improve basis set convergence and remove the gauge-origin dependence of the calculated properties. However, RLOs have not yet been implemented in ReSpect, and for this reason, the CommonGauge Origin (CGO) approach was used in the calculations of the relativistic corrections to the nuclear spin-rotation constants. This does not significantly affect the final spin-rotation constants, since in this case, we used the larger basis sets and because the basis set convergence study shows that the results are well converged (vide infra). Furthermore, Xiao et al. 55 have shown that for large basis sets, the difference between spin-rotation constants obtained with and without rotational London orbitals is small. The GIAO 43, 44 approach was used for the absolute shielding constants calculations. Additional calculations using the CGO approach and the two DFT functionals were also performed for the analysis of the shielding constants and spans. The nuclear g-factors used in the calculations were taken from Ref. 56 .
The basis set dependence of both the absolute shielding and spin-rotation constants was assessed by considering double, triple, and quadruple-ζ quality basis sets at the DKS/BP86 level. Specifically, we used Dyall's relativistically optimized all-electron valence double-ζ (v2z), [57] [58] [59] [60] [61] [62] core-valence double-ζ (cv2z), [57] [58] [59] [60] [61] [62] valence triple-ζ (v3z), 57,59-63 core-valence triple-ζ (cv3z), 57, [59] [60] [61] [62] [63] valence quadruple-ζ (v4z), 57, 59, 60, 62 and core-valence quadruple-ζ (cv4z) 57, 59, 60, 62 basis sets. The absolute shielding constants calculated within the two-component SO-ZORA scheme 19, 20 were obtained using the Amsterdam density functional (version 2014.01) program package 21 employing the BP86 and B3LYP functionals and an all-electron quadruple-ζ quadruply polarized (QZ4P) Slater-type basis set, which is optimized for ZORA computations. 64 The unscaled ZORA method was used for the NMR shielding calculations including spin-orbit relativistic corrections. The zero-point vibrational (ZPV) corrections were calculated using the VIBROT program, a part of the MOLCAS program (version 3) package, 65 with the potential and the property curves obtained from DKS/BP86/cv4z calculations.
To consider only the scalar relativistic effects in the four-component calculations of the NMR shielding and spin-rotation tensors, we have done the following: In perturbation-free calculations, we omit all SO integrals, while we keep all the four-component operators in the response calculations. This procedure will result in removing passive spin-orbit effects, keeping the scalar but spin-dependent Fermi contact/spin Zeeman-kinetic energy (FC/SZ-KE) terms, and partially retaining active spin-orbit effects; where passive spin-orbit effects feature magnetic field-free relativistic operators that provide first-order relativistic modifications of the wave function and active spin-orbit effects contain explicit dependence on the external or internal magnetic field perturbations (for definitions and more details, see Refs. 66 and 67) . Thus, the definition of SO effects used in this work is consistent with Refs. 66 and 67 for light elements, where active spin-orbit effects are negligible, 66 while it differs for heavy elements. The SO contribution to the NMR shielding and spin-rotation tensors is calculated as the difference between full four-component calculations and calculations with SO effects removed as described above.
For direct comparison of the calculated spin-rotation constants with the corresponding experimental values, we used available experimental equilibrium geometries of r e (Lu-F) = 1.917 118 15 Å and r e (Lu-Cl) = 2.373 293 Å taken from Ref. 31 ; r e (Au-F) = 1.918 449 Å, r e (Au-Cl) = 2.199 028 7 Å, r e (Au-Br) = 2.318 41 Å, and r e (Au-I) = 2.471 102 2 Å taken from Refs. 29 and 30. For LuBr and LuI, geometries optimized using the SO-ZORA Hamiltonian, Grimme's dispersion-corrected 68 BP86 functional (BP86-D3) and the QZ4P basis set, r e (Lu-Br) = 2.530 04 Å and r e (Lu-I) = 2.772 60 Å, were used. For LuF and LuCl, geometry optimizations using the same approach lead to r e (Lu-F) = 1.915 71 Å and r e (Lu-Cl) = 2.370 06 Å, with a deviation of 0.001 41 Å and 0.003 233 Å from the experimental values. This indicates that the optimized geometries of LuBr and LuI are sufficiently accurate for our purposes.
III. RESULTS AND DISCUSSION

A. Nuclear spin-rotation constants
The basis-set dependence of the calculated nuclear spin-rotation constants of all nuclei in LuX and AuX (X = F, Cl, Br, I) is collected in Table SI 69 of the supplementary material. In the LuX molecules with light halogens, basis set convergence can be achieved with the cv3z basis set. However, as the halogens become heavier-in particular for AuX-convergence is slower, and the cv4z basis is needed in order to reach convergence. Hence, DFT calculations have been performed using the cv4z basis set.
The non-relativistic and relativistic values of all the spin-rotation constants, calculated using different methods, are presented in Table I . For the LuX molecules, the coupledcluster results differ significantly from the non-relativistic Hartree-Fock (HF) and DFT values. The same is also true for the AuX halides, but the differences are not so large for the gold atoms as for the lutetium atoms. For all the nuclei in all the molecules, the differences between the CCSD and CCSD(T) values are fairly small. Moreover, as shown in the table, for the nuclear spin-rotation constants in the AuX molecules, relativistic corrections are in general far more important than the correlation effects. Thus, we have not examined further the dependence of the electron correlation effects on the basis set and on the method used. Relativistic corrections are considerable, and the largest correction is observed in AuF. The results show that the nonrelativistic DFT methods overestimate the magnitude of all the spin-rotation constants in the LuX series compared to the corresponding relativistic results. Changing the BP86 functional to the hybrid B3LYP functional also leads to a considerable change. For example in LuF, DKS/BP86 gives −11.101 kHz for C( 175 Lu), whereas DKS/B3LYP gives −9.698 kHz. Similarly, C( 79 Br) in AuBr obtained using DKS/BP86 is −3.343 kHz, whereas the DKS/B3LYP value is −2.283 kHz. Moreover, increasing the HF exchange contribution of B3LYP has a considerable effect for the DKS calculations. For instance, C( 197 Au) in AuF calculated using the default DKS/B3LYP (20% HF exchange) is 11.377 kHz, whereas increasing the HF exchange to 40% increases the spin-rotation constant to 14.248 kHz. For C( 79 Br) in AuBr, increasing the HF exchange from 20% to 40% changes the spin-rotation constant of Br by 42%. There are large differences between the results obtained with the non-relativistic DFT and coupled-cluster calculations and those using the four-component relativistic DFT calculations of the AuX molecules. For instance, C( 197 Au) in AuF calculated using NR/BP86 is −1.702 kHz, whereas that obtained using DKS/BP86 is 8.237 kHz.
The total nuclear spin-rotation constants are compared to available experimental data in Table II . Our final theoretical results are obtained by adding ∆C(rel), the difference between the DKS and NR results obtained using either the BP86/cv4z or B3LYP/cv4z approach, to the non-relativistic CCSD(T) values. The zero-point vibrational corrections to the spin-rotation constants are negligible. From the table, one can see that for LuF and LuCl, the CCSD(T) results are already in agreement with the experimental values. For the nuclei in these two molecules, the HF results (shown in Table I ) differ significantly from the corresponding coupled cluster results, showing that correlation effects may be of similar magnitude as the relativistic effects. For instance, the correlation effect [CCSD(T)-HF] on the spin-rotation constant of Lu in LuF is −2.472 kHz, whereas the BP86/cv4z calculated relativistic effect is 2.654 kHz. In these two cases, the additivity of electron correlation and relativistic effects becomes doubtful. For the AuX molecules, as shown in Table I , the HF results are close to the corresponding coupled cluster results; the electron correlation effects are small. However, the results obtained from the CCSD(T) calculations are far from the experimental values, because the relativistic corrections are much more important than the correlation effects. This demonstrates that non-relativistic methods are not suitable for the study of magnetic properties of the AuX molecules.
Comparing the final values for the AuX molecules, obtained using different DFT functionals for the relativistic contribution, shows that the BP86 results are in better agreement with experiment for AuF and AuCl, whereas B3LYP is slightly better than BP86 for the AuBr and AuI molecules. The total spin-rotation constants are in general in Table I ). b ∆C(rel 2) is the difference between DKS and NR results calculated using the B3LYP/cv4z approach (see Table I ). quite good agreement with the corresponding experimental data. The computational approach followed allows us to estimate the unknown spin-rotation constants in LuBr and LuI molecules. For these constants, although DFT overestimates the electron correlation effects at the non-relativistic level, both functionals yield very similar values of the required DFT relativistic corrections. In AuI, the difference between BP86 and B3LYP relativistic corrections is large; the agreement of C( 127 I) with experiment suggests that using B3LYP provides a better estimate of the unknown gold spin-rotation constant, C( 197 Au).
B. NMR shielding constants
The basis set dependence of the computed shielding constants is depicted in Table SII 69 of the supplementary material. Basis set convergence is achieved with the cv4z basis set, and this basis is therefore used in the DFT calculations. Similarly, we used the QZ4P basis set for the calculations performed in ADF. Compared to the results for the LuX molecules, those for AuX show a slightly larger basis set dependence.
The absolute shielding constants calculated using the different methods are presented in Table III . It is important to note that the DKS/B3LYP results were obtained using a CGO approach. BP86 test calculations employing GIAOs and CGOs showed that these two approaches give approximately the same isotropic shielding constants when the cv4z basis set is used (the largest difference being 0.4% for σ(Cl) in LuCl, see Table SII   69 ). The first observation from the results in Table III is the huge magnitude of the relativistic effects for both the LuX and AuX series of molecules. The nonrelativistic results are much smaller than the relativistic values, in most cases by (approximately) a factor of two. Only for the shielding constants of the light nuclei in the AuX series are the relativistic effects smaller, their magnitude and sign depending on X and the functional used. Treatment of the relativistic effects using the two-component ZORA Hamiltonian is not sufficient, as shown by comparing the results obtained from the four-component DKS Hamiltonian. For instance, σ(Lu) in LuF calculated using the non-relativistic, SO-ZORA and DKS approaches and the BP86 functional are 6604.1 ppm, 9741.9 ppm, and 10 771.6 ppm; the corresponding results for σ(Au) in AuF are 8210.5 ppm, 15 712.9 ppm, and 16 377.0 ppm, respectively. Another interesting observation is the effect of HF exchange in the case of AuF, where the results change considerably compared to those of the other molecules-σ(Au) in AuF calculated using DKS/B3LYP increases by 13% when the HF exchange increases from the default 20% to 40%, whereas σ(Lu) in LuF changes by only 1%. Also, the differences between σ(Au) in AuF obtained from the BP86 and B3LYP functionals using the non-relativistic approach are very small (8210.5 ppm versus 8236.2 ppm, respectively), whereas large differences are observed between these functionals at the DKS level (16 377.0 ppm versus 19 353.5 ppm, respectively).
In Table IV , it is shown that as the amount of HF exchange increases, the occupied-virtual orbital energy gaps widen. We observe a direct correlation with the results listed in Table III ; this widening of the energy gaps significantly increases the 
magnitude of the paramagnetic shielding. For instance in AuF, σ para (Au) for DKS/B3LYP (20% HF exchange) is 9427.3 ppm, whereas for DKS/B3LYP (40% HF exchange), it is 11 888.3 ppm (a 26% increase). This is mainly due to a strong stabilization of the occupied molecular orbitals (MOs) and destabilization of the virtual MOs, see Table IV . Such an effect has also been noticed for some organic and organometallic complexes. [70] [71] [72] The electronic contribution to the spin-rotation constants, the perpendicular and parallel components of the paramagnetic contribution to the shielding, and span and perpendicular component of the isotropic spin-rotation constants (all in ppm and calculated employing CGO) in the AuX molecules are listed in Table V . From the table, we can see that σ para ⊥ (paramagnetic contribution to σ ⊥ , the perpendicular component of σ with respect to the bond axis) of Au in AuF is dominated by the spin-orbit contribution (1532.5 ppm for ∆SC, scalar relativistic contribution, and 11 186.5 ppm for ∆SO, spin-orbit contribution). In contrast, in AuCl, AuBr, and AuI, the SC dominates even though SO effects are as large as the SC for Au in AuI. This leads to large relativistic corrections to the total shielding constants of gold in AuF and AuI, 8166.5 ppm and 8743.4 ppm, respectively (see Table VI ). Test calculations using SO-ZORA/BP86/QZ4P also show that the sum of scalar and SO contributions to the absolute shielding of Au in AuF amounts to 10 410.3 ppm, whereas that of Au in AuI is 6244.3 ppm (see Table SIII 69 for details). In addition, there is a large difference between the Au results in AuF obtained using the BP86 and B3LYP functionals. This difference mainly originates from the spin-orbit coupling contribution in AuF. In the case of σ para ∥ (paramagnetic contribution to σ ∥ , the parallel component of σ with respect to the bond axis), there is a partial cancellation between the scalar and the SO contributions in all the AuX molecules leading to relatively small relativistic effects for this component compared to σ para ⊥ . There is a large relativistic correction to C el of Au in AuF, compared to the other molecules, which mainly originates from spin-orbit coupling (see Table V ). Except for Au in AuI, there is partial cancellation between scalar and SO contributions to C el , but the net relativistic contributions are nonetheless large for all the nuclei of the AuX series.
We recall that the values of the paramagnetic contribution to the total absolute shielding constant calculated and obtained from the electronic contribution to the spin-rotation constant are identical in the non-relativistic theory, since the magnetic and angular momentum operators have the same form. On the other hand, in the four-component relativistic theory, these operators are fundamentally different since the magnetic momentum operator couples the large and the small component of the wave function, whereas the total angular momentum operator does not. 8, 73 As a consequence, values obtained directly from the four-component relativistic calculations are different. This indicates that determining the total absolute shielding constants based on spin-rotation constants leads to wrong results, since the error in σ para is directly transferred to σ iso . The overall analysis of the spin-orbit effects on the absolute shielding constants calculated using BP86/cv4z in the AuX molecules shows that the spin-orbit effect observed for σ( 197 Au) in AuF is 31% of σ iso , whereas it is 5% in AuCl, 7% in AuBr, and 16% in AuI; and similarly it contributes 7% of σ( 19 F), 5% of σ( 35 Cl), 3% of σ( 79 Br), and 7% of σ( 127 I) for the AuX series.
The final absolute shielding constants are listed in Table VI. In the case of the LuX molecules, relativistic contributions to the absolute shielding constants of both Lu and the halogen atoms increase as the halides become heavier. The same is also true for Au in the AuX series, with the exception of AuF, which has an unexpectedly large relativistic effect for σ(Au), as seen from Figure 1 . From the figure, one can also see that for the LuX molecules, the use of coupled-cluster calculations is very important, whereas correlation effects are described relatively better by DFT for the AuX molecules. There is no definite trend for the relativistic corrections to the absolute shielding constants of the halogens in AuX. In all molecules, the zero-point vibrational corrections are negligible.
In a previous study using the second-order DouglasKroll-Hess Hamiltonian (DKH2) together with the BP86 functional, Yoshizawa Comparison of the calculated electronic contributions to C, paramagnetic contributions to σ, shielding spans (Ω), and the perpendicular component of the total C for nuclei in AuX (X = F, Cl, Br, I) (all in ppm); BP86/cv4z using the CGO approach for all calculations. Table VI ). Considering only the levels of theory (pure two-component DFT vs four-component DFT combined with CCSD(T) approach), our final values of the shielding constants should be more accurate. Recently, Maldonado et al. 75 in a study of different relativistic methods computed the shielding constants of Au in the AuX series. Using a four-component (4c-) approach at the B3LYP level, they obtained 18 222.70, 13 443.57, 14 701.90, and 16 374.60 ppm for X = F, Cl, Br, and I, respectively, and similar results for the 4c-PBE0 approximation. Considering the role of various approximations they proposed 15 000-16 000 ppm as the best theoretical estimate of the Au shielding constant in AuF, which agrees well with our final result (16 547.6 ppm). Moreover, the authors stated that the unusually large values earlier obtained for this constant were due to quasi-instability problems. Our relativistic DFT results listed in Table III also 
C. NMR shielding spans
When the electronic density surrounding the nucleus is asymmetric, the magnitude of the chemical shielding components becomes different. For the linear molecules considered here, this leads to σ ∥ σ ⊥ , where σ ∥ (σ ⊥ ) defines the parallel (perpendicular) component of σ with respect to the bond axis (a similar notation is used for C). Taking into account the relativistic effects and the two Flygare relations, 2,4 the isotropic shielding and the span of the shielding tensor (Ω K in ppm) can be expressed as Table III for the BP86 results). b ∆σ(rel 2)-difference between DKS and NR results calculated using B3LYP(0.2)/cv4z (see Table III less than 1% for the systems studied in this work (except Au in AuCl where the error is about 7%).
The shielding spans of the nuclei in the molecules studied in this work calculated using the relativistic and non-relativistic approaches are presented in Table VII . The trends of the shielding spans obtained from the two-and four-component relativistic calculations show that in the LuX molecules, both the Lu and X shielding spans increase as the X atom becomes heavier. This is also true for the halogen atoms in AuX, but not for the gold atoms. The non-relativistic results for the AuX molecules show in general decreasing shielding spans for the gold atoms and an increasing trend for the halogens as the atoms become heavier. The SO-ZORA and DKS values for the spans of the nuclei in LuX are comparable when using the same functional. However, this is not true for the AuX molecules, see Table VII . The relativistic corrections to the span of the nuclei in the LuX molecules are relatively small compared to the relativistic corrections to the total absolute shielding constants. The case of the LuX molecules can be explained using Eqs. (2) and (3). From Eq. (3), we see that unlike in the case of σ iso , there is partial cancellation of the relativistic effects in Ω (see Table VII ). For instance, in LuF, the relativistic contributions are 14% for Ω( 175 Lu) and 3% for Ω( 19 F), to be compared with 39% for σ( 175 Lu) and 17% for σ( 19 F) (a similar case has been reported previously 14 ) . However, this is very different for AuF, for which the spin-orbit coupling dominates the shielding constant and as a consequence this cancellation of the relativistic effects becomes less pronounced.
If we omit the relativistic corrections from Eq. (3), we get the relation which has been used to determine the span from the experimental spin-rotation constant. However, in most of the AuX molecules, where the relativistic correction is very large, determining the shielding span from the spin-rotation constants causes unrecoverable errors. In Table V , the scalar and spin-orbit contributions to the shielding span of the nuclei in the AuX molecules calculated using DKS/BP86/cv4z were listed. In the case of AuCl, AuBr, and AuI, these two relativistic contributions partly cancel, having opposite sign, which as a result decreases the span of the gold nuclei. However, in AuF, they are both positive and hence the total relativistic contribution (∆SC + ∆SO) to the shielding span of gold in AuF increases (see Table V and Fig. SI 69 of the supplementary material). The same is also true for the halogens with the exception of the iodine shielding span.
The common way of determining the shielding span in diatomic molecules is based on estimation from the perpendicular spin-rotation constant (see, e.g., Refs. 76 and 77), in theory corresponding to the use of Eq. (3) without the relativistic correction terms. This is correct in the non-relativistic theory, see Table V . For instance, the nonrelativistic C ⊥ of Au in AuF gives -2029.3 ppm whereas its Ω is 2033.6 ppm, but those calculated using DKS/BP86 are 9820.9 ppm and 12 493.4 ppm, respectively. Unexpectedly, the relation between the span and the spin-rotation constant also works if only scalar relativistic corrections are included. If we insert the ∆SC terms listed in Table V is 5547.7 ppm. When we insert these values into Eq. (3) (1532.5 − 5547.7 + 4022.9), we get a net scalar relativistic correction of 7.7 ppm, which makes the relation between the span and spin-rotation constant valid also in the presence of only scalar relativistic corrections (Ω SC Au in AuF is 6051.9 ppm and C SC Au,⊥ is −6052.2 ppm, see Table V ). However, the relation becomes invalid when spinorbit relativistic corrections are included. For instance, the sum of the ∆SO relativistic corrections in Eq. (3) for Au in AuF (11 186.5 + 7358.8 − 15 873.2) is 2672.1 ppm, which is the major contribution to ∆rel (2679.8 ppm) (see Table V ).
The final spans of all nuclei are obtained by adding ∆Ω(rel), the difference between the DKS and NR results obtained using DFT/cv4z, to the non-relativistic CCSD(T) values. These results show that, with the exception of Ω(Au) in AuF, the span increases as the nuclei become heavier.
IV. CONCLUSIONS
In this contribution, we presented the nuclear spin-rotation and absolute shielding constants of all nuclei in the LuX and AuX (X = F, Cl, Br, I) molecules, calculated at the non-relativistic (CCSD(T) and DFT) and four-component relativistic DFT levels of theory. Our final theoretical results are obtained by adding ∆(rel), the difference between DKS and NR results obtained using either BP86/cv4z or B3LYP/cv4z, to the non-relativistic CCSD(T) values. Even though in principle the relativistic DFT approach gives simultaneously an estimate of electron correlation and relativistic effects, we have adopted this procedure, assuming that at the non-relativistic level the electron correlation effects are more reliably described by coupled-cluster methods than by DFT.
For the LuF and LuCl molecules, the CCSD(T) spin-rotation constants are in good agreement with the experimental values, adding the DFT-calculated relativistic corrections to these results deteriorates the agreement. In this case, DFT significantly overestimates the electron correlation effects at the non-relativistic level, indicating that adding DFT relativistic corrections to the CCSD(T) results may not be appropriate. For all the AuX molecules, the final calculated nuclear spin-rotation constants are in quite good agreement with the corresponding available experimental data. For LuBr and LuI, the computed nuclear spin-rotation constants are the first to be reported. The relativistic effects on the shielding constants are large compared to the effects on the nuclear spin-rotation constants and shielding spans for the LuX molecules. However, due to considerable spin-orbit coupling in the AuX molecules, the relativistic correction to the span is in some cases larger than that to the shielding.
For most of the molecules studied, including relativistic effects in the calculations leads to a very significant change of the absolute shielding constants. The relativistic correction to the shielding span of gold in AuF is unexpectedly large compared to the other molecules. This is due to the signs of the scalar and spin-orbit relativistic contributions, which add up and as a result increase the total relativistic correction, whereas in the other molecules there is a partial cancellation of these two contributions, leading to a smaller total relativistic correction.
